The membrane-associated guanylate kinases , synapse-associated protein-90 (SAP-90)/PSD-95, and SAP-102] are believed to cluster and anchor NMDA receptors at the synapse and to play a role in signal transduction. We have investigated the developmental changes in expression of these proteins in rat hippocampus using biochemical analyses and quantitative immunogold electron microscopy. At postnatal day 2 (P2), SAP-102 was highly expressed, whereas PSD-93 and PSD-95 were low. SAP-102 expression increased during the first week, stayed stable through P35, and showed a reduced expression at 6 months. From P2 through 6 months, PSD-93 and PSD-95 increased. For PSD-95, the percent of labeled synapses increased almost threefold with age, whereas the number of gold particles per labeled synapse did not change significantly, suggesting that the increase in PSD-95 is attributable primarily to an increase in the number of synapses containing PSD-95. In contrast, for SAP-102, both percent labeled synapses and the number of gold particles per labeled synapse decreased during this time. From Western blots of hippocampus and immunogold analysis of CA1 synapses, the high expression of NR2B at P2 coincides with the high level of SAP-102 at synapses, whereas the later expression of NR2A coincides with that of PSD-93 and PSD-95. To determine whether the changes in PSD-93/95 and SAP-102 reflect preferred associations with NR2A and NR2B, respectively, we measured co-immunoprecipitation in the adult hippocampus. These studies suggest that there is a preference for complexes of NR2A/PSD-93/95 and NR2B/SAP-102. These results indicate that individual receptor-associated proteins may have specific functions that are critical to synapse development.
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The postsynaptic density (PSD), a highly organized cytoskeletal structure found adjacent to the postsynaptic membrane of excitatory synapses, is believed to play a role in the organization of receptors and related proteins involved in synaptic signaling. A number of proteins enriched in the PSD have been characterized (for review, see Kennedy, 1993 Kennedy, , 1997 ; one of these, synapseassociated protein-90 (SAP-90)/postsynaptic density-95 (PSD-95), was initially identified based on its abundance in the isolated PSD (Cho et al., 1992; Kistner et al., 1993) . Later studies showed that PSD-95 interacts with the C terminus of NMDA receptor NR2 subunits, suggesting that PSD-95 may play a role in the synaptic anchoring and organization of NMDA receptors (Kornau et al., 1995; Niethammer et al., 1996) . Three additional proteins, structurally related to PSD-95, have been identified: SAP-97/hdlg (Lue et al., 1994; Müller et al., 1995) , Chapsyn-110/ PSD-93 (Brenman et al., 1996b; Kim et al., 1996) , and SAP-102 Müller et al., 1996) (for review, see Sheng, 1996; Sheng and Kim, 1996; Kornau et al., 1997) . These proteins have three PDZ (for PSD-95, Dlg, ZO-1/Dlg-homologous region) domains, one Src homology 3 domain, and one guanylate kinase-like domain and are generically referred to as membrane-associated guanylate kinases (MAGUKs). In addition to interacting with NMDA receptors, MAGUKs interact with a series of other proteins that have structural, and perhaps signaling, functions at the synapse (for review, see Nagano et al., 1998; Kim and Huganir, 1999) .
The patterns of expression of SAP-97, PSD-93, PSD-95, and SAP-102 are distinct but overlapping in brain. Although not rigorously studied, many neurons appear to express multiple MAGUKs, raising questions about their structural and functional relationships. In transfected cells, PSD-93 and PSD-95 induce the clustering of NMDA receptors and can form heteromeric complexes (Kim et al., 1995 , indicating that if multiple MAGUKs are present at the same PSD, they may be structurally coupled. The possibility that individual MAGUKs can substitute for one another is suggested by the results of a study showing that mice carrying a truncated form of PSD-95 exhibited changes in NMDA receptor-related plasticity yet retained most aspects of normal NMDA receptor function (Migaud et al., 1998) .
NMDA and AMPA receptors show distinct patterns of postnatal development at CA1 synapses in the hippocampus. NMDA receptors are present at synapses in the postnatal day 2 (P2) animal, indicating that the NMDA receptor anchoring and organizational machinery is already mature at P2 . However, studies on the gross developmental properties of MAGUKs show marked differences among the different members (Cho et al., 1992; Müller et al., 1996; Song et al., 1999; Wyszynski et al., 1999) . This suggests that individual MAGUKs may have specific functions that are critical for synapse development.
In the present study, we investigated the expression of MAGUKs in the hippocampus of adult and developing rats. Our results show a dramatic difference in the development of synaptic PSD-93 and PSD-95 compared with that of SAP-102, indicating that a switch in the NMDA receptor anchors plays a major role in changes in synaptic plasticity in the developing animal.
MATERIALS AND METHODS
Antibody production and purification. Antibodies against M AGUK s used are listed in Table 1 . To raise antibodies against SAP-90/ PSD-95 (JH62092), the peptide V ERREWSRL K AK DWGSS corresponding to residues 494 -510 of SAP-90 (K istner et al., 1993) was synthesized by the solid-phase method, coupled to BSA using glutaraldehyde, and dialyzed against PBS, pH 7.4 (Hell et al., 1993) . The T60 anti-PSD-95 rabbit polyclonal antibody was generated against a 6xHis f usion protein corresponding to residues 228 -299 of the PSD-95 sequence (Cho et al., 1992) . cDNA fragments encoding the first 105 amino acid residues of SAP-97 and the first 119 amino acid residues of SAP-102 were amplified by PCR and subcloned in pGEX-2T (Pharmacia, Piscataway, NJ). The glutathione S-transferase (GST)-SAP-97 and GST-SAP-102 f usion proteins were expressed in Escherichia coli (BL21; Novagen, Madison, W I) and purified following a protocol described in Leonard et al. (1998) . For affinity purification, antisera against SAP-90/ PSD-95 (JH62092), SAP-97 (JH62426), or SAP-102 (JH62514) were incubated for 2-4 hr with the SAP-90-derived peptide coupled to cyanogen bromide-activated Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ) (Hell et al., 1993) or GST-SAP-97(1-105) or GST-SAP-102(1-119) cross-linked with dimethyl pimelimidate to glutathione-Sepharose (Bar-Peled and Raikhel, 1996) , respectively. Antibodies were eluted with 5 ml of 3 M MgC l 2 , and the eluate was diluted immediately with 10 ml of Tris-buffered saline (TBS) and concentrated using a C entriprep 30 concentrator from Amicon (Beverly, M A) (Hell et al., 1993) .
Three anti-PSD-93 antibodies and the guinea pig anti-SAP-102 antibody were kindly provided by Dr. D. S. Bredt (University of C alifornia, San Francisco, CA) ( Table 1) .
The glutamate receptor antibodies were characterized previously. Rabbit polyclonal antibodies were anti-GluR1 and anti-GluR2/3 (Wenthold et al., 1992) , T46 anti-NR1 (Petralia et al., 1994a) , T58 anti-NR2A and T51 anti-NR2B (Christie et al., 1999) , T12 anti-NR2A/B (Petralia et al., 1994b) . Mouse monoclonal antibodies were anti-NR1 (clone 54.1; PharMingen, San Diego, CA), anti-NR2A (2F6.3D5; Hartveit et al., 1994 ; a gift from Dr. I. Bartke, Boehringer Mannheim, Mannheim, Germany), anti-NR2B (Transduction Laboratories, Lexington, KY). Affinity-purified horseradish peroxidase-conjugated donkey anti-rabbit and sheep antimouse secondary antibodies were purchased from Amersham Pharmacia Biotech. Affinity-purified horseradish peroxidase-conjugated swine antigoat and rabbit anti-guinea pig antibodies were purchased from Boehringer Mannheim (Indianapolis, I N).
Transfection of HEK293 cells. cDNAs in eukaryotic expression vectors were kindly provided by the following: SAP-97 (Dr. Morgan Sheng), PSD-93 and PSD-95 (Dr. David S. Bredt), and SAP-102 (Dr. Richard L. Huganir). H EK293 cells were transfected using a standard calcium phosphate precipitation method using the C alPhos Mammalian Transfection K it (C lontech, Palo Alto, CA). Transfected cells were incubated for 36 hr, washed, and harvested in PBS containing 0.5 mM EDTA. After centrif ugation, cells were resuspended in 50 mM Tris-HC l, pH 7.5, containing a mixture of protease inhibitors (1 mM EDTA, 1 mM AEBSF, 50 g /ml leupeptin, 10 g /ml pepstatin, and 10 g /ml aprotinin) and sonicated. C ell membranes were solubilized in SDS sample buffer and boiled for 10 min.
Preparation of tissue e xtracts. Hippocampi were dissected from P2, P10, P35, and 6-month-old Sprague Dawley rats and placed in ice-cold PBS, pH 7.4. Frozen hippocampi were homogenized in PBS, and then an equal volume of 2ϫ SDS sample buffer was added, and the samples were boiled. Protein concentrations were measured using a BCA kit (Pierce, Rockford, IL) or a protein assay kit (Bio-Rad, Hercules, CA). T wenty micrograms of proteins were loaded in each lane for a subsequent Western blot analysis.
Immunoprecipitation. Immunoprecipitation experiments were performed as described previously (Blahos and Wenthold, 1996) . Whole hippocampus or the CA1 region of P35 Sprague Dawley rats was homogenized with a Polytron in 50 mM Tris-HC l, pH 7.4, containing the protease inhibitor mixture described above. Membranes were sedimented by centrif ugation (100,000 ϫ g, 30 min, 4°C) and solubilized in 1% deoxycholate (DOC), 50 mM Tris-HC l, and 1 mM EDTA, pH 9, for 45 min at 37°C. Insoluble material was removed by centrif ugation. Triton X-100 was added to a final concentration of 0.1%, and the supernatant was dialyzed for 16 hr against 50 mM Tris, pH 7.5, containing 0.1% Triton X-100. Insoluble material was removed by centrif ugation, and the supernatant was stored at Ϫ80°C until the immunoprecipitation reactions were performed. For immunoprecipitation, 10 l of the appropriate antiserum was added to 50 l (resuspended resin) of protein A-or protein G-agarose beads (Pierce, Rockford, IL) in PBS containing 0.1% Triton X-100 for at least 2 hr at 4°C. Protein A or protein G beads were then pelleted, washed in PBS plus 0.1% Triton X-100, and incubated with 1 ml of the detergent-solubilized fraction at 4°C with constant rotation. The beads were then washed with 50 mM Tris-HC l, pH 7.5, containing 0.1% Triton X-100 and 150 mM NaC l. After the last wash, the beads were resuspended in 2ϫ SDS sample buffer (100 l) and boiled for 3 min. After the chemiluminescence detection, films were scanned using a Molecular Dynamics (Sunny vale, CA) densitometer to estimate the amount of immunoreactivity in the bound fractions compared with that in the corresponding input fraction. Different amounts of the input were run and compared with the bound fraction.
SDS-PAGE and immunoblot anal ysis. Proteins were separated with Brenman et al. (1996a,b) ; 2, Kornau et al. (1995) . b GP, Anti-guinea pig; Gt, anti-goat; M, anti-mouse; R, anti-rabbit.
SDS-PAGE (4 -20% gradient gels) and transferred to an Immobilon-P membrane (Millipore, Bedford, M A). Membranes were incubated with 5% (w/ v) skim milk in TBS containing 0.05% T ween 20 overnight at 4°C. Membranes were washed and incubated with primary antibody at concentrations noted in Table 1 or using the following concentrations: GluR1, 0.5 g /ml; GluR2/3, 0.15 g /ml; T46 N R1, 0.5 g /ml; clone 54.1 N R1, 1:5000; T58 N R2A, 1:2000; N R2A (2F6.3D5), 1:5000; T51 N R2B, 1:4000; N R2B monoclonal, 2.0 g /ml; and T12 N R2A / B, 0.5 g /ml.
Immunoreactive bands were visualized with chemiluminescence (Pierce). To reprobe, blots were stripped by shaking in 2% (w/ v) SDS, 62.5 mM Tris-HC l, pH 6.8, and 100 mM ␤-mercaptoethanol for 30 min at 60°C. Each experiment was repeated several times, and representative blots are shown. For quantification, films were scanned, and densitometry was done using a Molecular Dynamics densitometer.
Postembedding immunogold immunoc ytochemistr y. The postembedding method has been described (Petralia et al., 1997 Rubio and Wenthold, 1997; Wang et al., 1998; Z hao et al., 1998) and is modified from a previous study (Matsubara et al., 1996) . Sprague Dawley rats were anesthetized and perf used with 4% paraformaldehyde plus 0.5% glutaraldehyde in 0.1 M phosphate buffer. T wo animals were used for P2, P10, and P35 and one animal for 6 months for the main studies of PSD-95 (TL) and SAP-102 (JH62514). One animal per age (P2, P10, and P35) was used for additional antibodies [PSD-95 (JH62092), SAP-102 (GP-DB), PSD-93 (GP-DB), and PSD-93 (AL)]. Parasagittal sections of the hippocampus were cryoprotected in 30% glycerol and frozen in liquid propane in a Leica (Vienna, Austria) EM C PC (Universal Cryoworkstation). Frozen sections were immersed in 1.5% uranyl acetate in methanol at Ϫ90°C in a Leica AFS freeze-substitution instrument, infiltrated with L owicryl HM-20 resin at Ϫ45°C, and polymerized with ultraviolet light. Thin sections of the hippocampus were incubated in 0.1% sodium borohydride plus 50 mM glycine in TBS and 0.1% Triton X-100 (TBST), followed by 10% normal goat serum (NGS) in TBST, primary antibody in 1% NGS in TBST, and immunogold (10 nm; Amersham Pharmacia Biotech) in 1% NGS in TBST plus 0.5% polyethylene glycol, and the sections were stained finally in uranyl acetate and lead citrate. For double labeling using antibodies made in different species, sections were incubated with two primary antibodies [PSD-95 (TL) monoclonal plus either SAP-102 (JH62514) or GluR2/3 polyclonal (2 g /ml)] and later incubated with two immunogolds (15 nm goat anti-mouse and 5 nm goat anti-rabbit). Other combinations included PSD-95 (TL) plus N R2A / B (T12; 4 g /ml) or PSD-93 (AL), using 5 nm goat anti-mouse plus 10 nm goat anti-rabbit or 10 nm goat anti-mouse plus 5 nm goat anti-rabbit, respectively. For double labeling using antibodies made in the same species, the first primary antibody and the corresponding immunogoldconjugated antibody (5 nm gold) were applied, sections were exposed to paraformaldehyde vapor at 80°C for 1 hr, and the second primary antibody and its corresponding 10 nm gold antibody were applied the following day (Wang and Larsson, 1985; Matsubara et al., 1996; Z hao et al., 1998) . Primary antibody combinations using this method included SAP-102 (JH62514) followed by N R2A / B or PSD-93 (AL) followed by SAP-102 (JH62514). Controls included the absence of the primary antibodies and incubation in 10 nm goat anti-rabbit or 10 nm goat anti-mouse or 5 nm goat anti-rabbit plus 15 nm goat anti-mouse immunogold, each for P2, P10, and P35. Gold labeling was very rare in control sections.
Immunogold particles were counted in the postsynaptic density and cleft, as in previous studies Z hao et al., 1998; Petralia et al., 1998 Petralia et al., , 1999 . All synapses were counted in a selected portion of the CA1 stratum radiatum of the hippocampus, as in a previous study . Synapses were evaluated for the number of gold particles per synapse (both labeled and unlabeled) or number of gold particles per labeled synapse; labeled synapses had one or more gold particles. The number of gold particles per unit length of the synapse was not calculated because the results of such measurements done in conjunction with the previous study were generally similar to the number of gold particles per synapse (R. S. Petralia, J. A. Esteban Y.-X. Wang, J. G. Partridge, H.-M. Z hao, R. J. Wenthold, and R. Malinow, unpublished data) . A lack of significant developmental change in synapse length seems to be typical of synapses of the C NS (Vaughn, 1989; Z hao et al., 1998) . All micrographs used in the figures were processed with Adobe (Mountain View, CA) Photoshop 4.0 to optimize brightness and contrast.
Synapses used in this study showed characteristic features of asymmetric synapses: postsynaptic density, cleft, and presynaptic vesicles. As noted by Petralia et al. (1999) , synapses increase in number with age.
Also, immature-looking synapses are more common at early ages. Fiala et al. (1998) , using serial sections and three-dimensional analysis, suggest that there are four stages in the development of postsynaptic structures of most excitatory spine synapses in the CA1 region: filopodia, dendrite shaft synapse, stubby protrusion, and mature spine. In our study, we divided postsynaptic structures into three groups: dendrite shafts, protuberances, and spines. Protuberances are wider than long and may include both the stubby protrusions and the enlarged bases of filopodia described by Fiala et al. (1998) . Our "spine" category may include some examples of enlarged apices of filopodia (especially at the early postnatal ages), which would not be identifiable in our material without serial reconstruction. Consistent with Fiala et al. (1998) , synapses at P2 were mostly on dendrite shafts. In contrast, in adults, most synapses were on spines, and dendrite shaft synapses were rare.
RESULTS

Antibody characterization
Several commercially available and donated antibodies were tested by immunoblotting of transfected cell membranes and hippocampus homogenates to determine specificity (Fig. 1) . Some of the antibodies recognized more than one member of the MAGUK family of proteins reflecting the sequence similarities among these proteins. Although such antibodies may be appropriate for Western blotting because of the different molecular weights of the proteins, they are not acceptable for immunocytochemistry to identify a single protein. Furthermore, some antibodies could not be used because they failed to interact with their antigens after processing for postembedding staining. For immunogold immunocytochemistry, based on specificity and reactivity, the following were used: both antibodies to SAP-102, PSD-95 (TL and JH62092), and PSD-93 (AL). In Western blots of hippocampus, these antibodies detected a single band that co-migrated with the appropriate protein in the transfected cell samples. To allow direct comparisons, the same antibodies were used for Western blotting. For immunoprecipitation, SAP-97 (JH62426), PSD-93 (AL), either the PSD-95 (T60) or the PSD-95 (clone 7E3-1B8), and SAP-102 (JH62514) were effective. The PSD-95 (T60) has a slight cross-reaction with SAP-97, but the low expression of SAP-97 in the hippocampus allows us to use this antibody as one specific for PSD-95. The PSD-95 (clone 7E3-1B8) antibody has a slight cross-reaction with PSD-93 but does not cross-react with SAP-102. The PSD-95 antibody from TL is less effective for immunoprecipitation.
Western blot analysis of rat hippocampus shows different patterns for PSD-93/PSD-95 versus SAP-102 during development
As an initial step, we determined the patterns of expression of AMPA and NMDA receptor subunits and MAGUKs during postnatal development in the hippocampus (Figs. 2, 3) . AMPA receptor subunits and the NR1 subunit showed similar patterns of development with a general increase with time after birth. Individually, NR2A and NR2B showed opposite patterns: NR2A immunoreactivity was undetectable at P2 and began to be elevated from P10 to 6 months, whereas NR2B was strongly expressed at P2 and showed a substantial decrease by 6 months. However, the combination of NR2A and NR2B, determined with an antibody that recognized both subunits, showed a pattern similar to that of NR1 and the AMPA receptor subunits. Analysis of the MAGUKs showed that SAP-102 was already highly expressed at P2. The SAP-102 expression increased during the first week and remained similar through P35 with a reduction in expression at 6 months. The temporal patterns of expression of both PSD-93 and PSD-95 are similar. PSD-93 and PSD-95 were expressed at low levels with detection beginning at P10 and increasing throughout development. SAP-97 expression in the hippocampus was detected but at a level lower than that seen in other brain areas such as cortex and cerebellum (data not shown). Western blots labeled for PSD-93 and SAP-102 showed several bands, probably reflecting the presence of splice variants, which have been reported for both proteins (Brenman et al., 1996a,b; Müller et al., 1996) . Other antibodies to the same proteins showed comparable patterns of expression during development (data not shown).
Development of PSD-95/SAP-102 proteins at the synapse
Immunogold labeling for PSD-95 (TL) and for SAP-102 (JH62514) in the CA1 region of the hippocampus was concentrated along the postsynaptic membrane and in the postsynaptic density (Fig. 4) . For PSD-95, labeling in synapses increased approximately threefold from P2 to adult (P35) but showed little or no increase from P35 to 6 months (Table 2, Fig. 4C ). The percent labeled synapses doubled from P2 to adult, whereas there was only a small increase in the number of gold particles in a labeled synapse during this time; the latter increase was not significant for any age. This indicates that the increase in PSD-95 during development is attributable primarily to an increase in the number of synapses containing PSD-95. Figure 1 . Specificity of antisera to MAGUKs. Western blot analysis reveals that the SAP-97 antiserum does not cross-react with the other PDZ proteins and gives a band corresponding to ϳ120 kDa in HEK293 transfected cells. As shown previously (Müller et al., 1995) , SAP-97 is not heavily expressed in hippocampus. The anti-rabbit PSD-93 polyclonal antibodies (AL and R-DB) show the same specificity for PSD-93 in transfected cells and in adult hippocampus. In rat hippocampus, at least two bands at ϳ103-110 kDa can be detected. By similar analysis, the SAP-102 (JH62514 or GP-DB) antibodies recognize their antigens but show no cross-reactivity with the other members of the MAGUK family. PSD-95 (TL and JH62092) antibodies are the most specific antibodies against PSD-95 available. T60 anti-PSD-95 is a polyclonal antibody that reacts with PSD-95 as strong as with SAP-97 in transfected cells. In hippocampus, in addition to the 95 kDa specific band, we find two additional lighter bands at ϳ170 and 85 kDa. The arrows indicate a nonspecific band which appears only in transfected cells. AL, Alomone Laboratories; GP, guinea pig; Gt, goat; R, rabbit; TL, Transduction Laboratories. In contrast to PSD-95, labeling for SAP-102 in synapses decreased by approximately half from P2 to adult and decreased further by 6 months (Table 2, Fig. 4C ). Both the percent labeled synapses and the number of gold particles in a labeled synapse decreased during development, unlike the pattern seen for PSD-95. This indicates that the decrease in SAP-102 during development depends on a decrease in the number of synapses containing SAP-102 and on the density of SAP-102 labeling in a synapse.
To determine whether PSD-95 and SAP-102 are present in the same synapse, double labeling was done. Percent double labeling for SAP-102 and PSD-95 was highest at P35 (31%), when both the density at synapses and percent labeled synapses have similar values for the two proteins (Fig. 5) . Lower levels of double labeling were found at P2 (13%), P10 (16%), and 6 months (17%), all times when the number of gold particles per synapse is very different between the two proteins. Overall, the developmental changes in percent double-labeling appear to reflect only a random distribution; we find no evidence for synapse populations that contain only SAP-102 or only PSD-95.
A number of other antibodies were used to confirm the above findings. Other antibodies to PSD-95 (JH62092; Fig. 4 A) and SAP-102 (GP-DB; Fig. 4 B) showed similar patterns of increasing and decreasing labeling, respectively, during development. Thus for PSD-95 (JH62092), percent labeled synapses increased with age: P2, 16%; P10, 29%; P35, 42%; for SAP-102 (GP-DB), percent labeled synapses decreased with age: P2, 76%; P10, 61%; P35, 33%. An antibody to PSD-93 (AL) showed a pattern of increasing labeling of synapses from P2 to adult that was very similar to the pattern obtained with the two PSD-95 antibodies (Fig. 6) . In contrast, another PSD-93 antibody (GP-DB), which recognizes PSD-93, as well as PSD-95, SAP-97, and SAP-102, showed an increase in labeling from P2 to P10 but little change from P10 to adult, probably reflecting simultaneous changes in several proteins (data not shown).
Finally, to determine whether PSD-93 is present in the same synapses as PSD-95 or SAP-102, double-labeling was done in adults. Sixteen percent of synapses (n ϭ 116) were double-labeled for PSD-93 (AL) and SAP-102 (JH62514), whereas 33% (n ϭ 106) were double-labeled for PSD-93 (AL) and PSD-95 (TL). Thus, PSD-93 co-localizes with both SAP-102 and PSD-95 in these synapses and may co-localize more commonly with PSD-95.
Comparison of labeling for PSD-95 and SAP-102 in different postsynaptic structures (shaft, protuberance, or spine) during development did not reveal any consistent pattern (data not shown). However, there was an indication that, at least for SAP-102 at P2, SAP-102 is lower (gold/synapse) in dendrite shaft synapses than in spine synapses. This would be consistent with a model in which most dendrite shaft synapses at P2 develop into spine synapses (Fiala et al., 1998) , and SAP-102 levels increase in the initial stages of synapse development.
Relationship between NMDA receptor subunits and PSD-95 and SAP-102
The developmental patterns of PSD-95 and SAP-102, both from Western blots of hippocampus and immunogold analysis of CA1 synapses, suggest a possible relationship between these proteins and the NR2 subunits NR2A and NR2B. In particular, the high expression of NR2B at young ages coincides with the earlier expression of SAP-102, whereas the later expression of NR2A coincides with that of PSD-93 and PSD-95. This raises the possibility that SAP-102 is primarily associated with NR2B and that PSD-93 and PSD-95 are primarily associated with NR2A. To test this hypothesis, we did co-immunoprecipitation analyses on NR2A, NR2B, SAP-97, PSD-93, PSD-95, and SAP-102. DOCsolubilized membranes from whole hippocampus or from the CA1-CA2 region of P2 and P35 rats were immunoprecipitated with anti-NR2A, anti-NR2B, anti-PSD-97, anti-PSD-93, anti-PSD-95, and anti-SAP-102 antibodies and analyzed by Western blotting using antibodies to NMDA receptor subunits (NR1, NR2A, and NR2B), PSD-97, PSD-93, PSD-95, and SAP-102 and AMPA receptor subunits (as controls). Co-immunoprecipitation of NR2A and NR2B occurred to some extent in both whole hippocampus (Fig. 7A ) and CA1-CA2 (Fig. 7B) , consistent with several reports showing that NMDA receptor complexes that contain NR2A, NR2B, and NR2A/NR2B co-exist in individual neurons (Blahos and Wenthold, 1996; Kew et al., 1998) . Antibodies to NR2A or NR2B co-immunoprecipitated both PSD-95 and SAP-102 with an apparent preference for NR2A/PSD-95 and NR2B/SAP-102 (Fig. 7) . Moreover, PSD-93, PSD-95, and SAP-102 co-immunoprecipitated both NR2A and NR2B with a preference for NR2A/PSD-93/95 and NR2B/SAP-102 (Fig. 8) . The interaction cannot be quantified directly, because different antibodies, which are likely to have different affinities, were used. However, an indication of the interactions can be obtained by comparing the relative amounts of co-immunoprecipitating protein. Using this approach, we find that 3.8 Ϯ 0.3% of PSD-95 and 3.7 Ϯ 0.5% of SAP-102 co-immunoprecipitated with NR2A, whereas 2.3 Ϯ 0.4% of PSD-95 and 6.2 Ϯ 0.5% of SAP-102 co-immunoprecipitated with NR2B (for PSD-95, n ϭ 7; for SAP- Representative micrographs were chosen to illustrate the decrease in SAP-102 labeling in synapses with age. C, Summary of developmental changes in the number of gold particles per synapse and the number of gold particles per labeled synapse (see Table 2 ) at P2, P10, P35, and 6 months (6M ). Error bars indicate SE. 102, n ϭ 7). Immunoprecipitation with antibodies to PSD-95 and SAP-102 showed similar results: 2.9 Ϯ 0.3% of NR2A and 1.9 Ϯ 0.4% of NR2B co-immunoprecipitated with PSD-95, whereas 1.6 Ϯ 0.3% of NR2A and 3.3 Ϯ 0.5% of NR2B coimmunoprecipitated with SAP-102 (for NR2A, n ϭ 9; for NR2B, n ϭ 6). Thus, these analyses support a slight but not complete preference for NR2A/PSD-95 and NR2B/SAP-102 association. PSD-93 tends to behave as PSD-95 and interacts mostly with NR2A. At P2, when few NR2A complexes were found and PSD-93 or PSD-95 was poorly expressed, only NR2B coimmunoprecipitated with SAP-102 and vice versa (Fig. 9) . SAP-97 was not abundant in the hippocampus, but some GluR2/ 3/SAP-97 complexes were found (Fig. 8) . Moreover, SAP-97 did not seem to associate with NMDA receptors in the hippocampus, although an interaction between SAP-97 and NR2A has been shown in yeast experiments (Bassand et al., 1999) .
A qualitative examination of double labeling for SAP-102 and NR2A/B or PSD-95 and NR2A/B at P2, P10, and P35 showed some double labeling at all ages, although no particular pattern was evident (data not shown). This is not surprising because the NR2A/B antibody recognizes both subunits and cannot distinguish between individual patterns of NR2A or NR2B. Specific antibodies for NR2A and NR2B were not used for immunocytochemistry, because they recognize additional proteins. In addition to distinctive synaptic associations, single-label studies with antibodies to PSD-95, SAP-102, and NMDA receptors and double labeling for SAP-102 and NR2A/B showed that all of these proteins are present in nonsynaptic surface specializations (Fiala et al., 1998) . These structures resemble postsynaptic densities; they are adjacent to various nonsynaptic structures or to an empty fluid-filled space (a common feature in the neuropil at early postnatal ages). Nonsynaptic surface specializations were most common at P2, when they labeled commonly with antibodies to NR1, NR2A/B, and SAP-102 and less commonly with antibody to PSD-95 (Fig. 10) .
SAP-102, PSD-95, and AMPA receptors
We have previously demonstrated that the synaptic expression of AMPA receptors in hippocampal synapses occurs later in development than does that of NMDA receptors , raising the possibility that PSD-95 synaptic expression is related to the acquisition of AMPA receptors at these synapses. To test this, double-labeling analysis was done with antibodies to the AMPA receptor subunits GluR2/3 and PSD-95. Analysis was done at P10 when expression of both proteins is relatively low in synapses (29% of synapses were labeled for PSD-95, and 38% were labeled for GluR2/3; Petralia et al., 1999) . However, only 10% of the synapses were double-labeled (data not shown), suggesting that there is no apparent relationship between the expression of GluR2/3 and PSD-95 in synapses during development.
DISCUSSION
In the present study, we investigated the synaptic association of SAP-97, PSD-93, SAP-102, and PSD-95 during postnatal development in the rat hippocampus. Our major findings show that (1) SAP-102 is present at high levels at most synapses at P2 and decreases through 6 months of age, whereas PSD-95 and PSD-93 are low at P2 and increase through 6 months; (2) Increases in synaptic PSD-95 are attributable primarily to an increase in the number of synapses containing PSD-95, whereas decreases in SAP-102 result from a decrease in both the number of synapses containing SAP-102 and the density of SAP-102 labeling in the synapse; (3) immunogold co-localization shows that multiple MAGUKs are expressed at the same synapse, indicating that PSD-93 and PSD-95 may be added to synapses that already contain SAP-102; (4) the developmental increase in synaptic PSD-93/95 correlates with increases in NR2A; immunoprecipitation does not show a strict relationship between NR2A and PSD-93/95 or NR2B and SAP-102 but indicates a preference for this pattern of interaction; and (5) the developmental increase in PSD-95 also correlates with the increase in synaptic AMPA receptors, but co-localization analysis does not show a relationship between PSD-95 and AMPA receptors at individual synapses.
Our results show that SAP-102 is highly expressed at CA1-CA2 synapses in young rats and tends to decline with development. In contrast, PSD-93 and PSD-95 appear to be expressed later, when AMPA receptors are common at these synapses. These patterns fit those previously reported for whole brain, as determined with Western blotting or in situ hybridization (Cho et The average number of gold particles per synapse was significantly different (t test, two-sample assuming unequal variances, two-tailed; p Ͻ 0.01) for PSD-95 (TL) and SAP-102 (JH62514) between P2 and P35, P2 and 6 months, P10 and P35, and P10 and 6 months. Significant differences also were seen for PSD-95 between P2 and P10 ( p Ͻ 0.05) and for SAP-102 between P35 and 6 months ( p Ͻ 0.01). For the average number of gold particles per labeled synapse, no significant difference was seen for any combination of ages for PSD-95 ( p Ͻ 0.01), whereas significant differences were seen for SAP-102 between P2 and P35, P10 and P35 ( p Ͻ 0.05), P2 and 6 months, P10 and 6 months, and P35 and 6 months ( p Ͻ 0.01). *Difference between two ages (left and right of symbol) significant at p Ͻ 0.05. **Difference between two ages significant at p Ͻ 0.01.
al. Müller et al., 1996; Song et al., 1999; Wyszynski et al., 1999) , suggesting that the developmental pattern we find at hippocampal synapses may be common to all CNS synapses. The dramatic enrichment of SAP-102 at young synapses, when other members of the MAGUK family are faintly expressed, may indicate an important role for SAP-102 in synaptogenesis. On the other hand, the expression of PSD-93 and PSD-95 later in development shows that these two proteins are not required for the early expression of NMDA receptors at synapses and suggests a role for these proteins in the mature and less plastic synapse. The number of synapses that are immunolabeled with PSD-95 antibodies increases sharply during development, but the number of gold particles per labeled synapse, reflecting the number of PSD-95 molecules present at the synapse, does not significantly change from P2 through 6 months of age. Such a pattern of expression suggests that the acquisition of PSD-95 may be regulated at the level of the individual synapse, rather than reflecting the total cellular expression levels as indicated by Western blots. The decrease in synaptic SAP-102 with age is gradual, suggesting that the synaptic expression may be related to the general cellular levels of SAP-102, like that seen on Western blots. These different patterns of acquisition and loss also suggest that the switch from SAP-102 to PSD-95 is not a simple replacement of NMDA receptor anchors. Our results highlight several differences between expression determined by Western blotting and expression determined by immunocytochemistry of the synapse. For example, the Western blot analysis shows a significant increase in SAP-102 protein during the first week after birth and a decrease between P35 and 6 months. However, the percent of synapses labeled and the particles per labeled synapse decrease gradually with age, with P2 showing the highest labeling. These discrepancies could arise in two ways. First, our Western blots are of the entire hippocampus, whereas our immunocytochemistry is restricted to synapses on CA1-CA2 pyramidal cell dendrites. Expression patterns may vary in different areas and cell types of the hippocampus. Second, total cellular expression and synaptic expression may not match. We tend to favor this explanation, because SAP-102 is abundant in cytoplasm (Müller et al., 1996; our unpublished data) . Furthermore, the AMPA receptor subunit GluR1 can show developmental changes in intracellular levels that do not match changes in synaptic levels (Shi et al., 1999) .
We investigated several mechanisms that may be involved in the regulation of the acquisition of PSD-93 and PSD-95. One explanation for our results is that PSD-95 and SAP-102 are present at different populations of synapses, and that the population containing PSD-95 develops later than the one containing SAP-102. This seems unlikely, because at P2 most synapses (71%) contain SAP-102. Double-label immunogold analyses show that, at all ages, some synapses express both PSD-95 and SAP-102, as well as PSD-93 and PSD-95, indicating that there is a mixture of MAGUKs at any one synapse. Therefore, these data suggest that the addition of PSD-95 occurs predominantly at synapses that already contain SAP-102. An alternative explanation is that early SAP102-containing synapses are lost, and new Figure 7 . Co-immunoprecipitation of PSD-95 and SAP-102 with NR2 subunits. Whole hippocampus ( A) or the CA1-CA2 region of the hippocampus ( B) was solubilized in 1% DOC, and GluR2/3, NR2A, or NR2B were immunoprecipitated using 25-8 (GluR2/3) antibody, T58 NR2A serum, or T51 NR2B serum. Ten microliters of the total soluble protein ( S) and 10 l of the bound immunoprecipitate fractions were resolved by SDS-PAGE and probed with GluR2/3 (25-8), NR1 (clone 54.1), NR2A (2F6.3D5), NR2B (TL), PSD-95 (TL), and SAP-102 (JH62514). Because the immunoprecipitates were resuspended in 0.1 volume of the original soluble fraction, the bound sample is 10 times more concentrated than the total soluble fraction. Figure 8 . Co-immunoprecipitation of NR subunits with PSD-93, PSD-95, or SAP-102 in whole hippocampus. Hippocampi were solubilized in 1% DOC, and SAP-97, PSD-93, PSD-95, and SAP-102 were immunoprecipitated using JH62426, PSD-93 AL, T60, or JH62514 sera, respectively. Ten microliters of the total soluble protein input ( S) and 10 l of the bound immunoprecipitate fractions were separated by SDS-PAGE, immunoblotted, and incubated with antibodies against GluR2/3 (25-8), NR1 (clone 54.1), NR2A (2F6.3D5), NR2B (TL), SAP-97 (JH62426), PSD-93 (R-DB), PSD-95 (TL), or SAP-102 (JH62514). Because the immunoprecipitates were resuspended in 0.1 volume of the original soluble fraction, the bound sample is 10 times more concentrated than the total soluble fraction.
synapses, containing both SAP-102 and PSD-95, are formed. Our finding that PSD-93, PSD-95, and SAP-102 can be co-localized at the same synapse is consistent with studies demonstrating interactions between individual MAGUKs and indicates that these interactions occur at synapses and are likely to be functionally significant. PSD-95 forms homomultimers via its N-terminal domain (Hsueh et al., 1997) and heteromultimers with PSD-93 . Also, it was recently demonstrated that SAP-102 and PSD-95 can interact with each other in the presence of Ca 2ϩ and calmodulin (Masuko et al., 1999) . Our data show a close correspondence between the developmental patterns of NR2B and postsynaptic SAP-102 and between the developmental patterns of NR2A and postsynaptic PSD-93/ 95. Such a pattern is expected if NR2B is associated with SAP-102 and NR2A is associated with PSD-93/95, as has been proposed in the retina (Koulen et al., 1998a,b) . To address this possibility, we studied the co-immunoprecipitation properties of these proteins in the young and the adult hippocampus. In the P2 hippocampus, we find that NMDA complexes contain mainly NR2B associated with SAP-102. In adult hippocampus, we find that NMDA receptor complexes containing either NR2B alone or NR2A alone are predominant, although some complexes are found containing both NR2 subunits. These results are consistent with reports showing that single neurons can contain three types of NMDA receptors, those with only NR2A, only NR2B, and both NR2A and NR2B (Kew et al., 1998) . In these immunoprecipitation studies, we did not see an absolute bias for an association of NR2A and PSD-93/95 or NR2B and SAP-102, although quantitation showed relatively more PSD-95 immunoprecipitating with NR2A and more SAP-102 immunoprecipitating with NR2B. Comparison of co-immunoprecipitation of PSD-95 and SAP-102 with NR2 subunits at P2 and P35. P2 and P35 hippocampi were solubilized in 1% DOC, and the same amount of protein was used for immunoprecipitation of NR2A and NR2B using T58 NR2A or T51 NR2B sera, respectively. Total soluble protein ( S) and the bound immunoprecipitate fractions were resolved by SDS-PAGE and probed with NR2A (2F6.3D5), NR2B (TL), PSD-95 (TL), and SAP-102 (JH62514).
Our results indicate that in hippocampus, SAP-102 is the earlier developmental anchor that may be involved in organizing NMDA receptors at synapses. These results differ from those reported for cultured hippocampal neurons by Rao et al. (1998) , in which it was found that PSD-93, PSD-95, and guanylate kinaseassociated protein were often present at synapse-like structures before NMDA receptors appeared. Thus, based on those results, it was suggested that PSD-93, PSD-95, and GKAP play a key role in synapse formation. More recently, Masuko et al. (1999) showed that SAP-102 and NR2B co-localize at synaptic sites in cultured rat hippocampal neurons. Although SAP-102 and PSD-95 were not simultaneously studied in cultures, the results of the culture studies (Rao et al., 1998) are inconsistent with ours, because we see NMDA receptors at synapses before PSD-95. A likely explanation is that formation of synapses in culture and in vivo are different, and that the mechanisms controlling critical events, such as the association of a receptor with a synaptic anchor, are not the same in culture as in vivo. Our results, however, would support the idea that SAP-102 is preceding the appearance of NMDA receptors at the synapse or at least that SAP-102 and NMDA receptors appear simultaneously at the synaptic sites. In searching for structures that may represent the early stages of a developing synapse, we have found nonsynaptic immunolabeling near the plasma membrane for NR1, NR2A/B, SAP-102, PSD-95, and double-labeled SAP-102 and NR2A/B, most commonly at P2. Synaptic Ras-GTPase-activity protein, which interacts with SAP-102 and PSD-95 , also was common in these structures (N. Sans, R. S. Petralia, Y.-X Wang, and R. J. Wenthold, unpublished data). Many of these have a dense appearance (Fiala et al., 1998) , like a postsynaptic density, and it is not possible to determine whether they are new formations or remnants of former synapses.
Because PDZ domains 1 and 2 of SAP-102 and PSD-95 (and PSD-93) are similar, the functional consequences of changing these anchors may not be directly related to their association with NMDA receptors. Rather, it may reflect associations the anchors have with other molecules (for review, see Nagano et al., 1998; Kim and Huganir, 1999) . For the most part, these interactions have not been demonstrated for all MAGUKs, but rather, it has been assumed that similar interactions occur based on their sequence similarities. From our results, it is important to know whether the same proteins interact with PSD-95 and SAP-102. PSD-95-mutant mice show a normal pattern of NMDA receptor expression (Migaud et al., 1998) . Because our results show that synapses express both SAP-102 and PSD-95 (as well as PSD-93), receptors that are normally associated with PSD-95 would probably be linked with the remaining two anchors. The plasticity differences in the PSD-95-mutant mice, enhanced long-term potentiation and an absence of long-term depression, could arise from these abnormal associations. It will be interesting to determine whether the changes in synaptic expression of SAP-102 and PSD-95 during development are related to the physiological changes that occur during the critical period of development in the hippocampus and other structures.
